The BFV miRNAs are unusual in that they are initially transcribed by RNA polymerase III as a 32 single, ~122-nt long pri-miRNA that is subsequently processed to release three fully functional 33 miRNAs. The observation that BFV, a foamy virus, is able to express viral miRNAs in infected 34 cells adds to emerging evidence that miRNA expression is a common, albeit clearly not 35 universal, property of retroviruses and suggests that these miRNAs may exert a significant effect 36 on viral replication in vivo.
reduce viral titers in cis has been well documented in the case of retroviral vectors, although this 66 reduction can be largely alleviated by knockdown of Drosha in the producer cells (9, 10).
67
As noted above, the retrovirus BLV does encode several viral miRNAs. However, in this 68 case each viral miRNA is initially transcribed by RNA polymerase III (Pol III) as a pre-miRNA 69 that is directly exported to the cytoplasm for Dicer cleavage (6, 7). Importantly, while pre-70 miRNAs generally contain stems of ~22 bp, pri-miRNA stems are ~33 bp in length and Drosha
71
cleavage is dependent on this longer stem length (11, 12). Therefore, BLV is able to express viral 72 miRNAs yet the BLV genomic RNA is not subject to cleavage by Drosha. In contrast, the single 73 miRNA expressed by ALV-J has been reported to be excised by the canonical miRNA 74 processing machinery (8), resulting in Drosha cleavage of some portion of the ALV-J genomic 75 RNA and/or subgenomic envelope mRNA. Whether this results in a drop in the production of the 76 ALV-J viral structural proteins is, however, currently unknown.
77
In this manuscript, we present data demonstrating that bovine foamy virus (BFV), a member 78 of the spumavirus sub-family of retroviruses (13), expresses three viral miRNAs at high levels in 79 infected cells both in culture and in vivo. Interestingly, the BFV miRNAs, like the previously 80 reported BLV miRNAs, are transcribed by Pol III and contain stems that are predicted to be too 
84

Materials & Methods
85
Molecular clones 86 The complete BFV pri-miRNA sequence was amplified from DNA generated by random 
98
Cell culture and virus propagation 99
The BFV Riems isolate was initially propagated by co-cultivation of infected and uninfected 100 calf trachea cells (15). Subsequently, BFV was adapted to grow by co-cultivation with Madin- when aligning to bovine genomic DNA.
160
Northern blotting
161
Northern blotting was performed as previously described (25). Briefly, 25 μg of total RNA 162 was fractionated on a 15% TBE-urea gel (Bio-Rad) and transferred to GeneScreen Plus
163
Hybridization Transfer Membrane (PerkinElmer) and UV-crosslinked (Stratalinker, Stratagene).
164
Membranes were pre-hybridized in ExpressHyb (Clontech) and then incubated at 37°C with 32 P- normalized to the ratio of the parental psiCHECK2 vector.
Results
196
Identification of three novel BFV microRNAs
197
To identify potential BFV-encoded miRNAs, we performed deep sequencing of small RNAs significant numbers of sequence reads in either chronically or acutely infected cells (Fig. 1A) .
215
Key characteristics of authentic viral miRNAs include 1) that they derive from a small 216 number of discrete locations in the viral genome, 2) that they are close to the canonical miRNA 217 size, which ranges from ~20 nt to ~25 nt and 3) that they have a discrete 5' end that results in a specific miRNA seed sequence (27). As shown in Fig. 1A , the BFV reads we obtained are indeed 219 derived from one specific location in the BFV genome, located in the long terminal repeat (LTR)
220
"U3" region slightly 3' to the end of the BFV bet gene. In the integrated BFV provirus, they 221 would therefore be predicted to be present in two copies. Moreover, as shown in Fig. 2 , the BFV 222 reads we obtained all cluster at or near the predicted miRNA size of ~22 nt. Finally, in Table 1,   223 we provide a breakdown of the sequence reads derived from miR-BF1-5p, miR-BF1-3p and variation that was observed was almost entirely at the 3' end, which plays a less important role 231 than the seed sequence found near the miRNA 5' end in promoting mRNA target recognition (1).
232
In addition, we also saw some evidence for the addition of non-templated bases at the viral 233 miRNA 3' ends, as has also been reported previously for some cellular miRNAs (28).
234
Mapping of the obtained reads onto the BFV genome shows that these small RNAs are 235 closely adjacent to each other (Fig. 1A) . In fact, miR-BF1-5p and miR-BF1-3p are separated by 236 only 12 nt and show extensive complementarity, so that they are predicted to fold into an RNA 237 stem-loop structure (Fig. 3A) . Moreover, miR-BF2-5p begins immediately after miR-BF1-3p 238 ends and also has the potential to form a stem-loop structure (Fig. 3A) . Further analysis of our 239 deep sequencing data indeed revealed a small number of reads that could represent the passenger 240 strand for miR-BF2-5p, though this putative miR-BF2-3p RNA was present at a level ~10 5 times 12 lower than the highly expressed miR-BF2-5p (Table 1) . Curiously, many of the reads obtained
242
for miR-BF2-3p contained a non-templated "C" residue at the 5' end. This "C" is not present in
243
any of the reported BFV sequences (15) and was not observed by sequencing of PCR products 244 obtained from this region in infected MDBK cells, so its origin is unclear.
245
The ability of the small RNA reads of BFV origin to fold into two adjacent RNA stem-loop 246 structures suggested that these might be initially transcribed as a single structured RNA,
247
containing two stem-loops (Fig. 3A) . To address this possibility, we performed 50-bp pair-end that is exactly what is observed. In particular, all four probes, including one specific for the miR-
275
BF2-3p miRNA that is not recovered at significant levels as a mature miRNA (Table 1) ,
276
recognize a single ~120 nt pri-RNA. Moreover, the two miR-BF1 and two miR-BF2 miRNA 277 pairs each recognize one of two distinct pre-miRNAs with the latter, as expected, migrating 278 slightly more slowly than the former. Finally, only three distinct mature miRNAs are recognized,
279
although both miR-BF1-5p and, especially, miR-BF2-5p appear to migrate as dimers, as 280 expected based on the sequencing data (Table 1) . Moreover, miR-BF2-5p appears slightly larger 281 than miR-BF1-5p or miR-BF1-3p, again as predicted by our sequencing data (Table 1) .
282
BFV-derived microRNAs are transcribed by RNA polymerase III
283
As noted above, the major putative BFV pri-miRNA species ends within a run of U residues,
284
and is only ~122 nt in length (Fig. 3A) , and is therefore predicted to be transcribed by cellular
285
Pol III. Indeed, analysis of the BFV DNA sequence reveals the existence of a possible "TATA" (Table 1) or Northern blot (Fig. 4) .
319
BFV microRNAs are expressed in vivo 320
Our data demonstrate that BFV expresses three functional miRNAs in newly or chronically in the three infected animals (18). As shown in Table 2 , we did not detect any BFV miRNA 330 expression using RNA from uninfected animals but we did detect miR-BF1-5p and miR-BF2-5p sequences (11, 12), neither of which is present in the BFV pri-miRNA (Fig. 3A) , so it is also 368 possible that a different nuclease(s) is involved.
369
A comparison of the sequence of the BFV miRNAs defined in Table 1 shows that they are all 370 fully conserved across the four reported BFV sequences, including sequences obtained for 
379
An interesting aspect of the BFV miRNAs described in this report is that they all derive from 380 a single locus in the U3 region of the BFV LTR, at a site located ~50 nt 3' to the end of the BFV 381 bet gene (Fig. 1A) . As such, they would be duplicated during reverse transcription so that the 382 integrated BFV provirus would actually express these viral miRNAs from two independent 383 locations. Perhaps more importantly, the Pol III transcription unit in the 5' LTR would be located 384 5' to both BFV Pol II transcription units, driven respectively by the LTR promoter and the 385 internal promoter located immediately 5' to the viral tas gene (Fig. 1A) . Therefore, this Pol III 386 transcription unit would not be subject to transcriptional interference caused by these two viral
387
Pol II dependent promoters (39) and it is possible that the majority of BFV pri-miRNA 388 transcription is actually derived from the Pol III transcription unit located in the 5' LTR of BFV.
389
The observation that BLV, ALV-J and BFV encode one or more viral miRNAs (6, 8), while with PBLs from calf A arbitrarily set to 1.0. ND refers to no detectable amplification. 
